How epithelial progenitor cells integrate local signals to balance expansion with differentiation during organogenesis is still little understood. Here, we provide evidence that the Hippo pathway effector Yap is a key regulator of this process in the developing lung. We show that when epithelial tubules are forming and branching, a nucleocytoplasmic shift in Yap localization marks the boundary between the airway and the distal lung compartments. At this transition zone, Yap specifies a transcriptional program that controls Sox2 expression and ultimately generates the airway epithelium. Without Yap, epithelial progenitors are unable to properly respond to local TGF-b-induced cues and control levels and distribution of Sox2 to form airways. Yap levels and subcellular localization also markedly influence Sox2 expression and differentiation of adult airway progenitors. Our data reveal a role for the Hippo-Yap pathway in integrating growth-factor-induced cues in the developing and adult lung potentially key for homeostasis and regeneration repair.
INTRODUCTION
Organ growth and tissue homeostasis rely on the coordinated proliferation and differentiation of progenitor cell populations. Coordination of these events is challenging in developing organs, such as the lung, in which epithelial progenitors organize into complex branching structures to form the conducting airways in proximal regions and the future gas-exchange region at distal sites. Inputs from multiple signaling pathways, including those induced by fibroblast growth factor (FGF), transforming growth factor-beta (TGF-b), Wnt, and Notch are essential in this process (Cardoso and Lü , 2006; Morrisey and Hogan, 2010 ). Yet, how these signals integrate to control lung growth, pattern formation, and differentiation is still poorly understood.
The transcriptional regulator Yes-associated protein (Yap) has emerged as a key modulator of developmental signals that ultimately influence cell proliferation, apoptosis, and cell fate in development and cancer. Yap exerts its function largely through TEA-domain (Tead) family transcription factors, which are expressed in multiple tissues. Yap transcriptional activity is largely dependent on changes in its nuclear-cytoplasmic localization, which is regulated by the Hippo pathway. The Hippo pathway comprises a highly conserved group of serine/ threonine kinases that regulates Yap localization through phosphorylation of conserved serine residues on Yap. The core Hippo pathway is composed of Mst1 and Mst2 kinases, which together with Ww45 (Sav1) and Mob1A/B activate the Lats1 and Lats2 kinases to promote Yap phosphorylation. Inactivation of Hippo pathway kinases results in nuclear localization and increased transcriptional activity of Yap (Mauviel et al., 2012; Tremblay and Camargo, 2012; Varelas et al., 2010 Varelas et al., , 2008 .
Yap in the nucleus drives the expansion of stem and progenitor cell populations, whereas cytoplasmic retention of phosphorylated Yap plays a major role in cell contact inhibition of proliferation and in modulating the activity of different signaling pathways. Hippo pathway signaling is important when transitioning from a proliferative to a quiescent state, ensuring proper differentiation in different biological contexts. Uncontrolled nuclear Yap activity is associated with cellular overgrowth and cancer (Camargo et al., 2007; Habbig et al., 2011; Pan, 2010) .
Components of the Hippo pathway have been examined in the lung and some have been implicated in lung development. Systemic knockout of the transcriptional coactivator with a PDZ-binding motif (Taz), a Yap paralog, results in no overt developmental defects in the lung. Taz null mice, however, show an abnormal alveolar enlargement postnatally that resembled human pulmonary emphysema (Mitani et al., 2009 ). Disruption of Mst1/2 expression in the developing lung epithelium also resulted in an alveolar defect phenotype, which appears prenatally, exhibiting immaturity of type II pneumocytes and reduced number of type I pneumocytes (Chung et al., 2013) . Accumulation of less differentiated epithelial progenitors due to increased Yap transcriptional activity had been previously reported in mice lacking Mst1/2 selectively in the liver and intestinal epithelium (Zhou et al., 2011a) . However, Mst1/2 ablation in the lung had no significant impact on Yap Developmental Cell 30, 1-14, July 28, 2014 ª2014 Elsevier Inc. 1 localization or activity. Little is known of where and when Yap is expressed and whether it functions in lung development. The early lethality of systemic Yap knockout has precluded the analysis of phenotypes in the lung (Morin-Kensicki et al., 2006) .
Here, we report an essential role for Yap and its phosphorylation and nuclear-cytoplasmic distribution in specification and differentiation of the airway epithelium. We show that Yap is required for the expression of Sox2 in the progenitors that will give rise to the airways, allowing these cells to respond to TGF-b and initiate a program of airway epithelial cell fate. Moreover, we found that, later, Yap phosphorylation and cytoplasmic localization is crucial for differentiation of the epithelial progenitors into the distinct cellular phenotypes of the developing and the adult airways. Our results reveal a major role for the HippoYap pathway in integrating growth factor-induced cues during airway morphogenesis and differentiation.
RESULTS

Yap Is Differentially Distributed in Distinct Populations of Epithelial Progenitors of the Developing Lung
To gain insight into the role of Yap in the lung, we investigated the developmental pattern of Yap mRNA expression in embryonic lungs from E10.5 (secondary bud formation, initiation of branching morphogenesis) to E18.5 (saccular stage). In situ hybridization (ISH) showed expression of Yap throughout the stages examined, with prominent expression at earlier developmental stages. Yap transcripts were ubiquitously distributed but appeared to be strongest in the epithelium of the developing airways and distal buds ( Figure 1A) .
The subcellular localization of Yap is controlled by its phosphorylation on several conserved residues, including a key serine residue (Ser112 in Mus musculus, homologous to Yap (total) and phosphorylated Yap (pYAP, S112-Yap phosphorylation) in E12.5 lung confirms pYap staining in the epithelium to be essentially cytoplasmic (red and yellow arrowheads); nuclear signals (green arrowheads in Yap staining) are absent in pYap-stained sections (asterisks). (D-G) Double IF analysis of Yap with markers of distal bud (Sox9) or airway (Sox2) cell fate during branching morphogenesis depicting overlapping Yap nuclear signals typically seen in Sox9-labeled distal buds largely absent in Sox2-labeled forming airways. The Yap cytoplasmic pattern is seen in the vast majority of airway epithelial progenitors throughout the P-D axis of the lung (diagram in E, F, and G). Scale bar in (D), 12 mm.
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Yap in Airway Epithelial Differentiation Ser127 in human). This promotes Yap binding to 14-3-3 proteins and subsequent cytoplasmic sequestration. Given the ubiquitous distribution of Yap mRNA, we examined whether we could identify distinct patterns of Yap protein localization in the developing lung. We analyzed lung sections by immunofluorescence (IF) using antibodies against total (Yap) or S112-phosphorylated Yap (pYap). IF analysis of total Yap revealed a markedly distinct subcellular distribution in the epithelial tubules with nuclear Yap restricted to progenitors of distal buds and cytoplasmic Yap present in the airway epithelial progenitors ( Figure 1B) . A comparison of the staining patterns of total Yap and phosphorylated Yap (pYap) revealed a pattern that mirrored Yap cytoplasmic signals and suggested that cytoplasmic Yap is in its phosphorylated form, as reported in other contexts (Pan, 2010) (Figure 1C) .
The distal identity of the epithelial progenitors expressing nuclear Yap was confirmed by colabeling with Sox9 in distal buds (Perl et al., 2005) . Cytoplasmic Yap was confirmed in the epithelial regions proximal to these buds, which coexpressed Sox2 (Que et al., 2009 ). Sox2 and cytoplasmic Yap mark cells that during branching morphogenesis are committed to an airway fate and later differentiate into specific cellular phenotypes of the conducting airways ( Figures 1D-1G ). This pattern of Yap localization was consistently observed as new generations of airways developed with no obvious gradient along the proximal-distal (P-D) axis ( Figure 1D ). The distinct nuclear-cytoplasmic localization shift suggested that Yap could be regulating specific cellular events in epithelial progenitors at the transition of the distal to the nascent airway compartments.
Yap Expression Is Required for Airway Morphogenesis
The presence of nuclear Yap in nascent distal buds suggested that the local activation of a Yap-mediated transcriptional program could be crucial for expansion of the distal lung compartment during morphogenesis. To test this hypothesis, we generated mice in which the Yap gene was conditionally removed from the developing lung epithelium. LoxP-flanked Yap mutants (Yap f/f) were crossed to mice expressing Cre recombinase from the Sonic hedgehog (Shh) promoter (Shh-Cre) to delete Yap in the foregut endoderm and the respiratory epithelium from the earliest developmental stages (Harris et al., 2006) . Conditional deletion of both Yap alleles in Yap f/f; Shh-Cre/+ (Yap cnull hereafter) was lethal at birth.
Mutant embryos were slightly smaller than their littermates, but no other obvious abnormality was apparent (Figure 2A ). By contrast, lungs from Yap cnull were highly hypoplastic and showed severe disruption in branching morphogenesis, resulting in dilated cyst-like structures ( Figure 2B ). Histological examination revealed that these structures occupied most of the lung and were lined by a cuboidal epithelium. By contrast, areas with tall cylindrical epithelium characteristic of proximal airways were greatly reduced (Figures 2F, 2G, and 2J) . Efficient targeting of the lung epithelium by the Shh-Cre driver was confirmed in the Yap cnull mutants by the dramatic loss of Yap expression selectively in the epithelium, contrasting with the preserved signals in the mesenchyme ( Figures 2C and 2D) .
IF analysis of Sox9 revealed strong signals throughout the epithelium of the dilated structures of mutant lungs, indicating that the loss of Yap led to an aberrant expansion of the distal epithelial progenitors. The strong Nkx2-1 (Ttf1) signals throughout the P-D axis confirmed that the Yap-deficient epithelium maintained its lung cell identity (Kimura et al., 1999) (Figure 2E) . IF for Sox2 showed signals in only a few cells of the most proximal epithelial tubules. The local expression of p63 in these cells confirmed their proximal identity and suggested that the expansion of the distal compartment occurred at the costs of the proximal progenitors that normally give rise to airways (Figures 2G-2O ). These observations were confirmed by assessing Sox2 expression by quantitative real-time PCR and by quantitating the proportion of Sox2-expressing cells compared to Sox9 ( Figure S1A -S1C available online).
A more detailed analysis of the Yap cnull lung phenotype during the early stages of branching morphogenesis (E10.5-E14.5) revealed that trachea and primary buds were grossly unaffected and that multiple buds appeared to be arising from the distal cystic structures. Remarkably, these buds expressed Sox9, Bmp4, and Sftpc (surfactant-associated protein C) markers typically associated with the developing distal epithelial buds, as observed in controls ( Figures 3A-3H ). These suggested that in the absence of Yap the distal lung progenitors were capable of expanding and responding to morphogenetic cues required for distal bud formation. Thus, the Yap nuclear localization and transcriptional activity in the distal epithelium is not necessarily linked with the ability of distal epithelial progenitors to emerge and proliferate. Despite the overall reduction in lung size, analysis of the cell-cycle markers Ki67 and PCNA in the Yap cnull epithelium showed patterns similar to that found in the wildtype (WT) distal lung epithelium (Figures S2A and S2B) . No differences in cleaved-Caspase3 expression were observed between control and Yap cnull tissues, indicating that apoptotic cell death does not account for the phenotype ( Figure S2B ). To better understand how bud formation and branching differed between Yap cnull and WT mice, we isolated E11.5 lung explants and followed epithelial development ex vivo under defined conditions for 3 days (Figures 3I and 3J) . Consistent with our observations in vivo, the loss of Yap did not affect bud initiation, as multiple buds were found arising from the distal epithelium. However, in contrast to WT, the newly formed buds from the Yap cnull explants did not organize into tubule-like airway structures. Instead, buds arising from Yap cnull explants continued expanding and did not form airways. Our observations thus suggested that Yap restricts the expansion of distal progenitors following the initiation of branching morphogenesis, a step that is essential for the proper formation of airways.
Yap Is Transiently Activated in Airway Epithelial Progenitors and Regulates Sox2 Expression
The aberrant P-D patterning of the Yap cnull lungs suggested that
Yap is required to induce a program of airway epithelial cell fate in areas proximal to the growing buds. Sox2 is the earliest known marker for the specification of airway epithelial progenitors and is essential for the development of the lineages that make up the entire airway epithelium (Gontan et al., 2008; Tompkins et al., 2009; Wang et al., 2013) . IF analysis of E12.5-E14.5 WT lungs indicated that Sox2 expression is initiated precisely at the region where Yap shifts its localization from the nucleus to the cytoplasm, a region that we have termed the transition zone (tz) (Figures 4A-4D ). High-resolution imaging of this region showed cells displaying both Yap and Sox2 in the nucleus ( Figures 4C and 4D ). Nuclear Yap is known to regulate the expression of Sox2 in mouse embryonic stem cells and in neuronal differentiation (Cao et al., 2008; Lian et al., 2010) . Thus, we examined the possibility that Sox2 might be a transcriptional target of Yap in airway progenitors.
Yap is recruited to DNA through interactions with transcription factors, the best described of which are the family of Teads (Tead1-Tead4). In silico promoter analysis at the Sox2 locus revealed several Tead-binding sequences upstream of the Sox2 transcriptional start site (data not shown). We investigated See also Figure S1 .
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Yap in Airway Epithelial Differentiation whether Tead transcription factors reside on the Sox2 promoter in airway progenitors of embryonic lungs, which we showed to express Sox2 and Yap. For this, we performed chromatin immunoprecipitation (ChIP) analysis in homogenates of WT 12.5 lungs using a Tead antibody that recognizes all four Tead family members (Beyer et al., 2013) . As shown in Figure 4B and extensively reported by others, Sox2 is expressed in the embryonic lung exclusively in the developing airway epithelium (Morrisey and Hogan, 2010) . PCR analysis of the ChIP samples from E12.5 lung using Sox2-specific primers confirmed that Tead transcription factors are enriched at the Sox2 promoter in these cells ( Figure 4E ). We next asked whether the recruitment of Teads to the Sox2 promoter was restricted to the embryonic lung or whether such enrichment was also present in adult airway progenitors. Primary airway progenitor cells were isolated from mouse adult tracheas (n = 3) and expanded in culture to confluence, as reported (You et al., 2002) . ChIP analysis showed strong recruitment of Teads 
Yap in Airway Epithelial Differentiation 50% upon the loss of Yap ( Figure 4H ). Moreover IF analysis for Cre or Sox2 revealed that Yap f/f cells expressing Cre (deleted Yap) lost Sox2 expression (Figures 4F and 4G) . Our data support a hypothesis that nuclear Yap activates a transcriptional program at the transition zone that induces Sox2 expression and leads to the specification of airway epithelial cell precursors.
Epithelial Progenitors Require Yap to Properly Respond to TGF-b-Induced Cues in Developing Airways
The aberrant phenotype of Yap cnull mice suggested that mechanisms normally restricting expansion of distal progenitors and fostering formation of the airway compartment are profoundly altered in the absence of Yap. Multiple studies indicate key roles for Wnt, TGF-b, and BMP in the control of P-D specification in the developing lung (Lebeche et al., 1999; Shu et al., 2005; Weaver et al., 1999) . TGF-b signaling is known to restrict budding and foster the development of the airway compartment. When airways are forming, TGF-b1 accumulates in the mesenchyme associated with the stalks of branching tubules, thereby activating signals in the mesenchyme and neighboring epithelial cells to restrict airway budding (Heine et al., 1990) . We explored the possibility that the loss of Yap could interfere with the TGF-b effects in the lung epithelium. Sites of activity of TGF-b signaling can be identified in the developing lung mesenchyme during this pro- cess by examining the expression of Tgfbi (TGF-b-induced gene, or Bigh3) mRNA.
Tgfbi is a well-characterized TGF-b target gene that can be used to indirectly map regions where endogenous TGF-b ligand is available and active in branching airways (Lü et al., 2004) .
ISH of Tgfbi in E14.5 WT lungs confirmed the mesenchymal pattern of distribution previously reported ( Figures 5A and 5B) . Interestingly, Tgfbi was expressed in the mesenchymal region associated with the transition zone, between the distal and the airway compartments. In E14.5 Yap cnull lungs Tgfbi continued to be restricted to the subepithelial mesenchyme; however, the domain of Tgfbi expression extended widely into the mesenchyme of the enlarged Sox9-labeled distal buds ( Figures 5C-5F ). The strong Tgfbi expression in the mesenchyme indicated that TGF-b ligand was available in the Yap cnull mutants and capable of activating target genes locally at the presumptive sites of stalk formation. However, the defective epithelial patterning of Yap cnull lungs raised the possibility that the epithelium was unable to properly respond to TGF-b without Yap. This was further suggested by quantitative real-time PCR analysis of E14.5 lungs, which in Yap cnull showed decreased mRNA levels of Smad7, an epithelial target of TGF-b in the lung and kidney (Li et al., 2002; Zhao et al., 2000) ( Figure S3G Figures 5N-5P ). Quantitative real-time PCR analysis of Yap cnull -cultured lungs showed that recombinant TGF-b1 was unable to elicit the increase in Sox2 expression seen in TGF-b1-treated WT cultures (Figure S3H) . We concluded that in the absence of Yap, epithelial progenitors are not able to properly respond to TGF-b-induced cues to control levels and the spatial domain of Sox2 expression.
We considered the possibility that the failure to form the airway compartment in Yap cnull lungs might also have resulted from hyperactive Wnt signaling in the epithelium. Canonical Wnt is known to expand the distal lung domain, marked by Wnt targets, such as Sox9 and Bmp4 (Shu et al., 2005 . Analysis of WT lungs after 3 days of culture in the presence of DKK1 showed truncation of distal buds, as previously reported (De Langhe et al., 2005) , and extended Sox2 expression to the periphery of the explant (Figures S3A-S3D) Figure 6A and 6B). As late markers of differentiation are detected in secretory (Scgb1a1) and multiciliated (a-Tub-labeled multicilia) cells, Yap signals remain strong in secretory cells, whereas they become weaker and restricted to the apical region in ciliated cells. This pattern is maintained to adulthood ( Figure 6D ; data not shown). We reasoned that if the loss of Yap prevented airway progenitors from forming, the subsequent acquisition of cellular phenotypes typical of airways also should be impaired. Indeed, analysis of Yap cnull lungs at E14.5 showed no Foxj1 and only scattered Scgb3a2-expressing cells ( Figure 6C ). To determine whether this phenotype represented a developmental delay, we assessed embryos at a later stage, when airway branching is normally completed and epithelial differentiation is advanced in WT lung. E17.5 Yap cnull lungs were highly hypoplastic and showed multiple cyst-like structures. Whereas in WT late markers of differentiation were abundantly expressed in the airway epithelium, only rare a-Tub, Scgb3a2, or Scgb1a1-labeled cells were found in Yap cnull lungs ( Figures 6D-6F , 6H, and 6I). Interestingly, Periodic acid-Schiff (PAS) staining revealed widespread mucin in the epithelial cells lining the cyst-like structures and in the lumen. Strong expression of Muc5ac confirmed that the vast majority of the epithelium acquired a goblet cell-like phenotype ( Figure 6G ). This phenotype is strikingly similar to that of Sox2-deficient mice (Que et al., 2009) . Indeed, IF analysis of E17.5 lungs showed that Sox2 expression was nearly undetected in these mutants. At this stage, Sox9 and Sftpc signals were restricted to scattered epithelial cells lining these cysts ( Figure 6J ). Quantitative analyses confirmed these observations ( Figure 6K ). Nkx2-1 staining indicated that, in spite of this aberrant differentiation profile, the Yap cnull epithelium preserved its lung identity (data not shown). The near absence of differentiated cell phenotypes in Yap cnull airways strongly supports the idea that precursors of these cells could not be specified in the absence of Yap. Thus, Yap deficiency from early developmental stages prevents subsequent steps of differentiation, fostering the acquisition of a pathological goblet cell-like phenotype.
Yap Is Required for Differentiation of Adult Airway Epithelial Progenitors
Next, we asked whether airway epithelial progenitors in the mature lung also required Yap to self-renew and to generate differentiated cell phenotypes. Basal cells are the main epithelial progenitor of the adult murine trachea and a major component of the progenitor cell pool of the mature extrapulmonary and proximal intrapulmonary airways (Rock and Hogan, 2011) . Airway progenitors isolated from adult murine tracheas can be expanded in vitro as monolayers, and upon reaching confluence, these cells can be induced to differentiate if subjected to an airliquid interface (ALI) condition (You et al., 2002) . Quantitative real-time PCR analysis of these cultures revealed that immediately prior to induction of ALI (day 0), Yap mRNA was highly expressed in these undifferentiated cells. Yap levels decline in subsequent days as cells start to differentiate (Figure 7A ), suggesting a potential role for Yap in maintaining their progenitor state.
To investigate the role of Yap in these cells, adult progenitors were isolated from Yap f/f tracheas and transduced with Ef1a-Cre lentivirus (Tokushige et al., 1997) . Quantitative real-time PCR and IF analysis confirmed efficient disruption of Yap and showed impaired differentiation in Yap-deficient cells ( Figures  7B and 7C ; data not shown). This was evident by a significant decrease in expression of ciliated (Foxj1) and secretory cell (Scgb3a2, Muc5a) markers, and by the loss of apical acetylated alpha-tubulin (a-Tub) structures that mark multicilia. Interesting, postnatal disruption of Yap inhibited mucous cell differentiation, as found by the decreased number of Muc5ac-expressing cells in Yapf/f-Ef1a-Cre compared to control cultures. This contrasted with the overabundance of mucous cells that were seen when Yap was inhibited prenatally ( Figure 6G ). The effect on mucous cells can be ascribed to the timing of Sox2 inhibition by Yap inactivation, either during development ( Figure S1A ) or in adult progenitors ( Figure 4H ), consistent with the previously reported effect of inactivating Sox2 expression during early embryonic or postnatal life (Que et al., 2009; Tompkins et al., 2009) confirmed the significant decrease in a-Tub in shYap-transduced regions.
Changes in Yap Localization Mark Adult Airway Progenitors Transitioning to a Differentiated State and Reveal a Crucial Role for Cytoplasmic Yap in Differentiation
We found that during branching morphogenesis, Yap was expressed transiently in the nucleus of Sox2-labeled airway epithelial progenitors (transition zone). Differentiation, however, was only observed once Yap shifted to the cytoplasm in these cells. We investigated whether this pattern was also observed in the differentiation of adult airway progenitors. We analyzed sections of 8-week-old mouse tracheas for the expression and localization of Yap in basal cells, the main adult progenitor of trachea. IF analysis of Krt5 and p63 identified these cells and showed that Yap was strongly expressed, but interestingly, under these homeostatic conditions, Yap was localized predominantly in the cytoplasm ( Figure 8A) .
To perturb homeostasis, we isolated and induced these cells to expand and differentiate in culture using the ALI conditions. IF analysis showed that during expansion Yap signals were essentially in the nucleus of the Krt5-labeled airway progenitors. Thus, altering the status of a basal cell from resting homeostasis to conditions that trigger expansion shifts Yap into the nucleus. Remarkably, as these adult progenitors differentiate in ALI, Yap localization shifted from the nucleus to the cytoplasm (Figures 8B and 8C ). Immunoblot analysis of total Yap and pYap in cell lysates isolated from undifferentiated to a differentiated state (day 8 ALI-cultured cells) revealed that the cytoplasmic shift was accompanied by an increase in the pYap/Yap ratio ( Figures 8D  and 8E ). This occurred despite the overall decline in Yap, both at protein and mRNA levels as cells differentiate ( Figures 7A, 8D , and 8E). Thus, altering the status of a basal cell from a resting to an activated state triggers cytoplasmic shuttling of Yap to the nucleus, presumably to activate cellular functions that are dependent on a Yap transcriptional program.
These observations suggested that Yap levels, subcellular localization, and phosphorylation status may have a key role in modulating the progenitor versus differentiation status of these cells. To test this idea, we examined the consequences of maintaining high levels of nuclear Yap during differentiation under ALI conditions.
Cells were isolated and transduced with lentivirus carrying FLAG-tagged versions of a WT or 5SA-Yap, a phosphodeficient Yap in which all serines targeted by Lats1/2 kinases for phosphorylation sites have been mutated, rendering this mutant resistant to cytoplasmic retention (Zhao et al., 2007) . Immunofluorescence analysis with anti-FLAG and antibodies for various cell-fate markers indicated key differences in cells expressing Yap-5SA or WT-Yap. In the undifferentiated state (day 0) marked by Krt5 expression, 5SA-Yap was nuclear, and WT-Yap was initially present in both compartments ( Figures 8F and 8G ). By day 6 of ALI-culture, cells transduced with WT-Yap exhibited cytoplasmic Yap, similar to endogenous Yap, and several Foxj1-labeled cells. By contrast, 5SA-Yap transduction led to prominent nuclear Yap and no overlap with Foxj1 expression, indicating that nuclear Yap prevented differentiation of these progenitor cells (Figures 8H and 8I) . Although Yap-WT cells committed to a ciliated cell program, ciliogenesis was severely impaired, as shown by the near absence of a-Tub labeling in WT-Yap-expressing cells. No Scgb3a2 expression was found in either 5SA or WT-transduced cells, indicating disruption of secretory cell differentiation by high Yap expression ( Figures  8J-8M ). The data suggested that maintaining high levels of Yap-even if properly targeted to the cytoplasm-interferes with differentiation. Thus, proper differentiation requires regulation of both subcellular compartmentalization and precise control of the levels of Yap.
Although informative, interpretation of these experiments was limited by the presence of both endogenous and exogenous Yap and the potential nonphysiological effects of exogenous Yap. Thus, we took a similar approach to prevent serine phosphorylation of endogenous Yap in these cells using lentiviral-mediated inhibition of the Hippo pathway kinases Lats1 and Lats2. Airway epithelial progenitors were transduced with lentivirus that expresses control shRNA or shRNA that targets either Lats1 alone (shLats1) or both Lats1 and Lats2 (shLats1/2). IF of Yap in day 6 cultures transduced with shLats1/2 showed strong Yap staining in the nucleus, as expected (Hao et al., 2008) , contrasting with the largely cytoplasmic Yap of day 6 controls ( Figure 8N ). Quantitative real-time PCR analysis confirmed the decrease in Lats1 and Lats2 expression as well as the decrease in Foxj1 mRNA ( Figure 8O ). Levels of Yap or p63 transcripts were unaltered, suggesting that the phenotype is unlikely to involve major changes in Yap stability or changes in the progenitor cell pool. Remarkably, we observed a major increase in Sox2 expression following Lats1/2 knockdown ( Figure 8O ). Such observations are consistent with nuclear Yap activating a transcriptional program that includes Sox2 and that maintains the progenitor state of these cells as previously reported in ES cells (Lian et al., 2010) . However, sustained nuclear Yap maintains high levels of these targets, thereby preventing differentiation. Indeed, studies in Sox2-GFP mice show enriched expression in phenotypically immature basal cells in the adult epithelium of various origins (Arnold et al., 2011) .
Taken together, our data provide evidence that dynamic nuclear-cytoplasmic changes in Yap localization and upstream regulators, such as Lats1/2, are key to modulating the behavior of airway progenitors cells during differentiation. Our study implicates Yap as a regulator of lung branching and patterning that integrates growth factor-induced cues, placing the HippoYap pathway at the nexus of lung morphogenesis.
DISCUSSION
Here, we provide evidence of a regulatory mechanism involving interactions of the Hippo pathway effector Yap with Sox2 and TGF-b in controlling epithelial progenitor cell fate and morphogenesis during airway development. We found that a nuclearcytoplasmic shift of Yap marks the boundary between the distal (Sox9-expressing) and the airway (Sox2-expressing) compartments. At this transition zone, Yap specifies a unique transcriptional program that controls the expression of Sox2, enabling the initiation of the progenitor cell program that forms the airways during branching morphogenesis. This program is key to generate the airway epithelial compartment and its branched tubular structures. We found that Yap is required to render epithelial progenitors responsive to TGF-b-induced signaling in the developing airways. Furthermore, we show that, later, Yap remains a prominent regulator of airway epithelial differentiation and that proper subcellular localization of Yap is crucial for generation of secretory and ciliated cells.
Loss of Sox2-expressing airway progenitors and disruption of branching morphogenesis have recently been reported in mice deficient in histone deacetylases 1 and 2 (Hdac1/2) in the developing lung epithelium (Wang et al., 2013 Yap-deficient lungs, Hdac1/2 mutants exhibited enhanced Bmp4 expression and increased apoptosis. We found that the distal epithelial progenitors of Yap-deficient lungs are still able to respond to signaling cues from the mesenchyme and induce distal buds that typically express Sox9, Sfptc, and Bmp4. Thus, our observations suggest that despite similar defects in developmental progression, Yap directs alternative signals to those of Hdac1/2.
Our analysis of Yap cnull lungs did not provide strong evidence of aberrant Wnt epithelial activation and showed that DKK1 was unable to prevent the abnormal expansion of distal cells. Thus, hyperactivation of Wnt signaling is unlikely to be the primary defect causing this phenotype. Rather, our data suggested that endogenous Yap works in concert with TGF-b during induction of the airway progenitor cell-fate program. This program involves induction of Sox2. Yap deletion resulted in reduced Sox2 levels, whereas enhanced nuclear Yap levels promoted Sox2 expression. It is intriguing that nuclear Yap only overlaps with Sox2 in a very limited region, the transition zone. This transition zone encompasses an area well known to express abundant TGF-b1 ligand in the surrounding mesenchyme, therefore available to activate signaling locally in both layers when airways are forming (Heine et al., 1990) . Indirect evidence of dynamic TGF-b activity in this region was suggested by the strong local expression of the TGF-b target Tgfbi in the mesenchyme adjacent to the epithelium at the transition zone. We found that Yap-deficient progenitors were refractory to exogenous TGF-b and consequently were unable to respond to the TGF-b-patterning cues. Given that TGF-b is a strong activator of Sox2 in the airway epithelium, our data support a model in which nuclear YapTead complexes cooperate with TGF-b-induced signals to activate a transcriptional program that includes Sox2 to induce airway epithelial cell fate. Consistent with this model, Tead transcription factors reside at the Sox2 promoter, and recent data show that Yap, Tead, and Smads assemble into functional transcriptional complexes (Beyer et al., 2013) . Supporting evidence for our model includes (1) nuclear Yap localization coinciding with the emergence of Sox2 expression at the transitional zone, (2) decreased Sox2 expression with disruption of Yap in cultured airway progenitors that express Yap in the nucleus, (3) ChIP analysis of Tead, revealing its enrichment at the Sox2 promoter in airway progenitor cells and in E12.5 lungs, and (4) induced nuclear Yap levels as a result of Lats1/2 kinase depletion, promoting Sox2 expression. Nevertheless, we cannot discard the possibility that Yap, acting through currently unknown downstream transcription factors, contributes to promote Sox2 expression in proximal airways.
Our results highlight the importance of Yap subcellular localization in patterning the lung epithelium, consistent with recent studies showing the importance of Yap localization in organs, such as the skin and intestine (Pan, 2010) . Notably, cytoplasmic Yap in the lung does not rapidly translate into advanced progenitor differentiation. Pancytoplasmic Yap was present throughout the P-D axis of the developing airways as early as E11.5-E12, well before the features of epithelial differentiation appear. Thus, in the embryonic lung, cytoplasmic Yap is associated with the emergence of the progenitors of the developing airways. Our data suggest that these progenitors are specified in a ''transition zone'' as they acquire Sox2 expression and are primed by other factors to initiate a program of differentiation. In the adult lung, where repopulation of the airway epithelium arises from an already specified Sox2-expressing progenitor, nucleocytoplasmic shift is more directly linked to the acquisition of a differentiated phenotype.
There is currently no report describing a similar nuclear-cytoplasmic shift in Taz localization in the developing lung. The roles of Taz appear to be restricted to the distal (alveolar) lung compartment (Mitani et al., 2009) . TAZ is known to be overexpressed and acts as an oncogene in non-small-cell lung carcinoma. By contrast, Yap has been more consistently detected in the airway-derived human bronchial epithelial cells (Zhou et al., 2011b) . A better understanding of the mechanisms regulated by Taz and Yap is likely to provide important insights into the pathogenesis of human conditions affecting the airway and the distal lung.
EXPERIMENTAL PROCEDURES
Mouse Models
Developmental and adult expression studies were performed on CD1 mice (Charles River). Yapf/f mice were provided by Dr. Fernando Camargo (Harvard University). Yap cnull mice were generated by crossing Yapf/f mice with Yapf/+;Shh-Cre/+ mice. Genotyping of the Yap mutant mice was conducted as previously described (Schlegelmilch et al., 2011; Harris et al., 2006) . All experiments involving animals were performed in accordance with the protocols approved by the Boston University School of Medicine (IACUC AN-14198).
Real-Time PCR Quantitative real-time PCR was performed as previously described (Tsao et al., 2009) . RNA was extracted with Trizol (Life Technologies, 15596-26) or (RNAeasy Kit; QIAGEN) and reverse transcribed using random hexamers or Oligo(DT) primers (SuperScript III Kit; Invitrogen). The following primers (Applied Biosystems) were used: Sox2 (mm00488369_s1), Lats1 (mm01191886_m1), Tgfbi (mm00493634_m1), Yap (mm01143263_m1), Trp63 (mm0495788_m1), Scgb1a1 (mm00442046_m1), Foxj1 (mm00807215_m1), Krt5 (mm01305291_ g1), Scgb3a2 (mm00504412_m1), Smad7 (mm00484742_m1), Axin2 (mm00443610_m1), Bmp4 (mm00432087_m1), Nkx2.1 (mm00447558_m1), Sox9 (mm00448840_m1), and b-Actin (control, 4352341E). PCR reactions were performed using Taq-Man Fast Advanced Master Mix (Applied Biosystems, 4444556), and samples were analyzed on a Step-One Plus instrument (Applied Biosystems).
ISH, IF, and Imaging
Embryonic and adult lungs were fixed overnight in 4% paraformaldehyde in PBS at 4 C and processed for frozen or paraffin sections. T7-linked and T3-linked gene-specific primers were used for PCR and subsequent riboprobe synthesis:
Yap: Forward, 5 0 -AATTAACCCTCACTAAAGGGGTCTTT-GAGTGCTTCTAGA-3 0 ; Reverse, 5 0 -TAATACGACTCACTATAGGGTGGAT-CATCCATCTGCTCAA-3 0 . The Axin2 probe template is the ''Tong DNA #94'' (Axin2 nucleotides 1-2397). The antisense and sense Axin2 riboprobes were made by linearizing this plasmid with NotI or SalI and transcribing with T3 or T7 RNA polymerase, respectively. Bmp4 and Tgfbi biotin-UTP-labeled (Roche) riboprobes were synthesized (MAXIscript Kit; Ambion), and hybridization was performed in 5-7 mm sections as described previously described (Lü et al., 2004) , with the following modification in the concentrations of labeling reagents: DIG-UTP-labeled probes (0.2 ng/ml), alkaline phosphatase-conjugated anti-DIG antibody (Roche; 1:2,500), peroxidase-conjugated anti-DIG Fab fragment (Roche; 1:100-1:500). BM Purple (Roche) was used as a chromogenic substrate.
IF was performed using the following antibodies acetylated alpha-tubulin (Sigma; 1:2,000), goat anti-Scgb1a1 (Santa Cruz; 1:1,500), and mouse anti-Foxj1 (eBioscience; 1:300), rabbit anti-Sox2 (AbCam; 1:100) goat antiSox9 (R&D Systems; 1:50), mouse anti-Yap (Santa Cruz; 1:100), rabbit anti-phospho-Yap (Cell Signaling Technologies; 1:50), rabbit anti-Cre (Cell Signaling; 1:100), mouse anti-Cre (Millipore; 1:100), rabbit anti-Scgb3a2 (gift of Kimura Lab, 1:2,000). Retrieval before immunolabeling was performed with Low pH Antigen Unmasking Solution (Vector Laboratories) in a microwave oven. We used secondary antibodies conjugated to Alexa 1:300) . Images were acquired on a Nikon Labophoto 2 microscope equipped with a Nikon Digital Sight DS-Ri1 chargecoupled device camera or on a Zeiss LSM710 metaconfocal laser-scanning microscope. Whole-Lung Organ Cultures Embryonic lungs were dissected from WT and Yap cnull mice and cultured for 3 days in BGjb 1% inactivated fetal calf serum medium (control) or media containing human recombinant TGF-b1 (5-20 ng/ml; R&D) or DKK1 (5-20 mg/ml; R&D) as described previously (Chen et al., 2007; De Langhe et al., 2005) .
Whole-Mount In Situ Hybridization
Whole-mount in situ hybridization was performed in a 96-well plate dishes as previously described (Lü et al., 2004) . Briefly, digoxigenin (DIG)-labeled riboprobes (Maxiscript Kit; Ambion) were generated from plasmids carrying Sox2 cDNA. Specimens were digested with proteinase K (QIAGEN), prehybridized (1 hr, 70 C) in buffer containing 50% formamide, 53SSC, 1% donkey serum, 50 mg/ml yeast RNA, and heparin, and followed by overnight hybridization with DIG-labeled RNA probes and another overnight incubation with anti-DIG alkaline phosphatase conjugate (Roche) at 4 C. Signal was visualized with BM Purple substrate (Roche Diagnostics).
Isolation and Culture of Mouse Adult Airway Progenitor Cells in ALI
Primary airway progenitor cells were isolated from tracheas of adult (6-10 week) WT and Yap f/f mice, expanded and subsequently differentiated (mTEC-Plus media) in air-liquid interface cultures on Transwell plates (Costar) as previously detailed (You et al., 2002) .
Lentivirus Production and Concentration
Recombinant lentiviruses were made by Lipofectamine transfection of 50% confluent 293T cells with lentiviral transfer vector, packaging plasmid pAX2 DNA, and pMD2G-VSVG envelope plasmid DNA. The following transfer vectors were used: pLKO.1 shCTL, pLKO.1 shLATS1/2, pLVX-Puro CTL, pLVXPuro 3F-Yap5SA, and pHAGE EF1a-Cre-w. The recombinant viruses were harvested by collecting the media at 48 hr posttransfection and concentrated by ultracentrifugation.
ChIP
ChIP was performed as previously described (Lian et al., 2010) . Briefly, primary airway epithelial cells or homogenized mouse lungs were fixed (1% formaldehyde, 10 min) and resuspended in 1% SDS, 10 mM EDTA, 50 mM Tris-HCL, with a protease inhibitor cocktail (Thermo Scientific). Sonication (Branson Dismembrator) was performed to achieve chromatin fragment around 500 bp. Immunoprecipitation was carried out using equal amounts of chromatin using Tead1-Tead4 antibody, or immunoglobulin G, overnight at 4 C with protein A/G magnetic beads (Milipore) for enrichment. PCR was performed using Yap1 (Lian et al., 2010) and control (Fabp4 Forward -TGGGTGGTGACTTCCTGCTG, Reverse -AGAGCCATGCGGATTCTTGG) primers.
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